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FOREWORD

This report was prepared by Battelle, Pacific Northwest Laboratories in
Richland, Washington, under USBM contract number J0225005. The contract was
initiated under the Minerals Health and Safety Technology Program. It was
administered under the technical direction of the Spokane Research Center with
Mr. John C. Kerkering acting as Technical Project Officer. Mr. R. J. Simonich
was the contract administrator for the Bureau of Mines. This report, in two
volumes, is a summary of the work recently completed as part of this contract
during the period September 1982 to March 1983. This final report was
submitted by the authors in May 1983.
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INTRODUCTION

This user's manual was prepared as part of a study performed at Battelle
Northwest Laboratory for the U.S. Bureau of Mines under contract No. J0225005.
The overall objective of this study was to evaluate formal safety assesssment
methods utilized in the nuclear and aerospace industries to determine the most
useful and effective methods for technology transfer to the mining industry.
Each method was evaluated relative to the safety interests, needs, and
requirements of mine safety officials. This information was obtained through
telephone and personal interviews with mine safety personnel and a tour of an
operating underground mine. Results of the interviews were utilized to develop
evaluation criteria in areas including the complexity of the methods, data and
resources available at mines to perform the analyses, training and educational
requirements for performing the analyses, responsiveness to mine operator
safety needs, and cost-effectiveness. The evaluation criteria were used to
examine and select formal system safety assessment methods that are most
suitable for transfer to the mining industry at this time.

The objective of this user's manual is to present the safety techniques
selected for direct application to the mining industry in a self-teaching
workbook format for use by mine safety officials. The results of the
interviews with mine safety officials and the evaluation of the various methods
considered are contained in a separate report prepared for this project. This
user's manual contains information relating to only those methods recommended
for use at this time in the mining industry. Additional methods may be useful
in the future as mine safety personnel gain more expertise and experience in
implementing formal safety analysis technology. These methods are described in
the project final report.

Sections in this manual are provided for each of the recommended safety
analysis methods. Each section contains a general description of the method, a
detailed discussion of the analysis procedure, advantages and disadvantages of
the method, an example problem to illustrate the analysis procedure, and an
estimate of the costs required to perform the analysis.

A further objective of this study was to evaluate the adaptability of the
recommended methods to a user-interactive computer system. A computerized
safety analysis program could benefit the mining industry by increasing the
efficiency of mine safety officials, increasing the comprehensiveness of the
analysis without large increases in costs, and reducing the amount of time
required to perform and update the analysis. Conceptual computer flowcharts
were developed for each recommended method and are described in each section.

The safety assessment methods described in this user's manual are
applicable to many different mining situations and conditions. Each method
contains features that make it more appropriate than others for analyzing
certain situations. For example, one selected method is human reliability
analysis (HRA). As its name implies, HRA is used primarily to examine the
human element of a system to identify the potential causes of human performance
errors, This analysis may focus on improving procedures or on a better design
of the man-machine interface systems. A second selected technique is called
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Management Oversight and Risk Tree (MORT) Analysis. MORT is a total safety
program concept that focuses on programmatic control of industrial safety
hazards. It is designed to evaluate the interactions of the complex management-
worker-machine system to determine the causes of the contributing factors to
potential accidents. Although MORT was originally designed as an accident
investigation tool, it has also found wide application in the development and
evaluation of system safety programs and procedures.

The selection of a particular safety assessment method should consider
what kinds of mining situations are to be analyzed and what results are
required from the analysis. Table 1 contains a listing of the recommended
safety analysis methods in this user's manual, the applications each method is
best designed to examine, and the expected results of the analysis methods.

The reader is urged to consult this table for the purposes of choosing the most
useful and appropriate system safety analysis method for specific applications.

It should be noted that the method descriptions provided in this user's
manual are in some cases not sufficient for mine safety officials to perform
the analyses without further information. MORT analysis and human reliability
analysis techniques are complex and require significantly more information to
perform them adequately than this document can provide. Therefore, the
descriptions of these methods are limited to introductory-level tutorial-type
information. The details of the techniques fill entire textbooks and cannot be
repeated in full here. If the reader wishes further information regarding
these methods, appropriate references to documents and short-courses are
provided. These methods contain many subtle items and minute details that are
described and discussed to a great extent in the reference documents and short-
courses, A thorough understanding of these details is required to perform
these methods effectively and adequately. The information presented in this
user's manual for MORT and human reliability analysis is intended to summarize
the most important aspects of the method and prompt the reader to obtain
further information. The descriptions of preliminary hazards analysis, failure
modes and effects analysis, binary matrices, and consequence analysis are
sufficient for the analyst to use in performing the analyses.

One further point that should be emphasized before the methods are
presented and discussed is that the methods are tools that help the analyst
to organize a safety analysis. The tools are used to make a good safety
official better by enhancing the completeness of the safety program and
focusing further safety considerations on important areas. The safety program
still requires a dedicated and knowledgeable analyst for it to be implemented
successfully. Use of the methods will make the safety program more structured
and thus, there will be less chance of omitting important safety concerns.

10
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TABLE 1. - Cross-reference of recommended safety analysis methods, their
applications and expected results

SAFETY
ASSLESMENT
METIOD

SUGGESTED APPLICATIONS

EXPECTED RESULTS

Preliminary Hazards
Analysis

Failure Hodes and
Etfects Analysis

Consequence Analysis

Applicable to all types of mines and all mining situa-
tions.

Inexpensive but comprehensive analysis.

Identification of hazardous conditions, potential
accidents and resulting effects on plant personnel and
property.

Useful for identifying broad areas or functions
requiring accident prevention or mitigation measures.

Applicable to all types of mines and all mining
situations.

Mardware- and equipuent-oriented approach,

Identifies effects of potential equipment malfunctions

on the operation of the system and safety of personnel.

Useful for identifying detailed design areas requiring
accident prevention or mitigation measures.

Applicable to all types of mines and all wining situa-
tions.
Estimates severity of accidents

Requires other type of analysis to identify potential
accident sequences.

Tabular compilation of hazards, potential accidents,
effects, and existing and/or potential preventive or
corrective measures.

Checklist or hazardous conditions.

Identification of ways to reduce occurrence of severe

accidents with less emphasis on mitigation of minor
accidents.

Tabular compilation of the causes of equipment mal-
functions and their resulting effects on the system

Checklist of critical items whose failure will pro-
duce hazardous conditions.

Identification of ways to reduce occurrence of acci-
dents caused by equipment malfunctions.

Estimated severity of potential accidents.

Could be qualitative or quantitative.
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Binary Matrices

MORT Analysis

Human Relfability

TABLE 1. - (continued)

Applicable to all types of mines and all mining situa- .
tions.

Identifies interactions between components or sub-
systems for system description purposes. .

Usually applies to hardware - oriented situations but
suitable for examining human interactions and task
procedures.

Usually performed in conjunction with other safety
analysis methods.

Useful for reviewing results from other analysis tech-
niques to determine potential effects of accidents on
other parts of a system.

Evaluation of management safety practices, specific .
accident control practices, task procedures, and
human errors.

Accident investigation technique .
Technique to enhance and improve safety training
Helps to plan accident prevention programs

Applicable to mining situations where human error is N
a potential cause of accidents or can contribute to
inadequate accident mitigation.

Applicable to all types of mines.

Identifies human and situational characteristics
that can contribute to accident initiation or pro-
pagation. .

Examines human performance shaping factors that can

contribute to the occurrence of hazardous conditions
and accidents. .

Two dimensinnal matrix indicatino whether particular
components interact with each other component in th
system. .

Can be used as a self-checking device to ensure that all
potential interactions between components have been con-
sidered in other analysis techniques.

-

Identification of management strengths and weaknesses
in the safety area.

Identification of causes of specific accidents related to
management practices, human errors, task procedure errors,
and hardware faflures.

Identification of potential system changes that can prevent
or reduce the severity of accidents.

Compilation of tasks, steps in task, and performance
shaping factors associated with each function in the
system.

Listing of error-likely situations.

Identification of potential causes of human errors.
Identification of changes in procedures or the design of
the work station (including equipment) that can reduce
error-1ikely situations.

Identification of ways to reduce aﬁcide ts involving
human error, including many minor injuries and
“material handling" accidents.




PRELIMINARY HAZARDS ANALYSIS

Preliminary hazards analysis (PHA) is a useful safety assessment method in
which potential hazards inherent in a system and their effects are evaluated.
PHA is a broad, all-encompassing study, usually performed early in the design
stages of facilities to identify hazards before construction is started, there-
by allowing changes for improved safety at relatively low cost before the
system or component has been completed or installed. However, PHA can be
performed at any time and is a particularly useful tool for identifying areas
of concern for a safety program. A major goal of PHA in this application is to
prevent accidents that have occurred in identical or similar systems.

The objectives of a PHA are to identify the potential hazardous conditions
in a system and evaluate the significance of potential accidents. From the
information developed during a PHA, design and procedural safety requirements
can be established that will help prevent or control these hazardous
conditions. Performance of a PHA on an operating mining system would help the
mine safety officials to foresee hardware, procedural, and system interface
problem areas. Results of a PHA can also help to identify areas that need
further analysis and point out ways in which to mitigate hazardous conditions,
thereby improving operations.

Analysis Procedure

The procedure for performing a preliminary hazards analysis is described
in this section. The reader should recognize that the first step in performing
a PHA, or any other safety technique, is to obtain a thorough working knowledge
of the system under analysis. It is useful to break the system down into major
subsystems or functions. Functional diagrams can be drawn that show the
process flow of materials. For example, ore haulage at some mines consists of
the following sequence of operations: (1) load ore into shuttle car, (2) move
the shuttle car to dumping station, (3) dump ore into ore chute leading to
hoisting bucket, (4) hoist bucket to surface, (5) dump ore into surface
conveyor belt, and (6) move ore to mill or rail car loading station.

Functional diagrams also show the interfaces between elements of a system. It
is also useful to prepare narrative descriptions of the functions and
operations of all subsystems and components. Interfaces with other subsystems
and components should be clearly defined. Qften, the process of going through
these two system description exercises helps to identify potential safety
problem areas.

The second step in the analysis procedure is to select the format for the
analysis. A common format for a PHA is a columnar form with specific entries
that reflect the information determined from each step of the analysis. This
type of format is used because it allows a way to search and.record specific
information regarding the system and is also a checklist that guides and
simplifies the analysis process. Information in a tabular format is easily
retrievable once it has been recorded. This makes it simple to search for
specific areas to record additional or updated information as it becomes
available. Table 2 contains an example format for a PHA. Instructions given
on Table 2 are intended to describe the information required in each column.
There have been many PHA formats used in the past; some have as few as four

13



TABLE 2. - Preliminary hazards analysis format

1At

HAZARDOUS EVENT CAUSING POTENTIAL EVENT CAUSING POTENTHAL PREVENTIVE/CONTROL
COMPONENT ELEMENT IIAZARDOUS COMDITION BIAZARDOUS CONDITION | POTENTIAL ACCIDENT ACCIDENT EFFECT MEASURES
This coluan ddentifies |This column Ihis column {denti- { This column This column Thls column {den- {This colum fden- [This colum lists
the hardware or fdentifies fies conditions, identifies identifies un- tifles potential tifies the possible|existing preven-
functional element hazardous undes fred events, hazardous condi- desired events or |accidents that effects of the tive or control
being analyzed elements or faults that tions that could faults that could |could result from |potentia) acci- measures that
present in could cause -the result from the cause the hazar- the identified dent, should it mnitigate fdenti-
the hardware | hazardous element {nteraction of dous condition hazardous accur fied hazardous
or function to be transformed the system and to be transformed |conditions conditions and/or
into the identified | each hazardous into the fdenti- potential acci-
hazardous condition | elewent in the fled potential dents. It may
system accident also be used for
recoamending
measures for
mitigation.
Bresking rock Rock lwpact hansner Flying ruck Operator downhole |Operator hit by l:ujury; possible Hleight of operator's
fracturing rock fragments flying rock chine damage cab, as well as
fragments shielding, should
gmtect operators.
afety glasses
should be worn.
Machinery is desfiogned
to withstand
{mpact from
fragments.




columns and others have up to ten columns or more. It is believed that use of
the 8-column format shown in Table 2 is a good trade-off between possibly
oversimplifying the analysis (and therefore omitting some detail) and including
such a great amount of detail that the results are difficult to locate.

Setting up the format for the analysis can be facilitated by breaking the
overall system down into subsystems as was described previously. The analysis
format can also follow this subdivision. In other words, the analyst breaks
the mining system down into subsystems, such as ventilation, hoisting, ore
haulage, railcar loading, etc., and examines each subsystem one at a time. It
is useful to identify each component of each subsystem and address the
hazardous conditions associated with them, no matter how unlikely or minor they
appear. This is to ensure that the analyst thoroughly examines each situation
and so is less likely to overlook some hidden interaction or hazard.

The next step is to begin analyzing the mining system one item at a time.
The analyst begins by identifying potentially hazardous elements or components
in the system, Hazardous elements are defined as any item or function which
threatens something of value. The key idea is that something is at risk when
the hazardous element is within the system. This something may be personnel,
operating costs, property, production schedules, etc., although the method is
usually used for determining the potential for injury to persons or damage to
property. Hazardous elements are often categorized as either hazardous energy
sources or hazardous processes and events, as shown in the checklist in Table 3
(Lambert 1975, Hammer 1972). Hazardous energy sources are hazardous by
themselves when released in a system; i.e., the flow of energy from these
sources causes personnel injury and property damage. Hazardous processes and
events are either physical or chemical processes that produce hazardous
conditions when they interact with the system. The checklists shown in Table 3
are useful tools for the identification of the basic hazards that may be
associated with a mining system.

The next step in the PHA procedure is to identify events that could
possibly transform the hazardous elements into potential accidents. These
events are called "triggering events" or "causative factors" and can be
conditions, undesired events, or faults within the system. For example, a
spill of a flammable liquid such as diesel fuel 0il does not cause a fire by
itself. However, if an ignition source is present, such as a bare electrical
wire, a spark can trigger the potential fire accident. Triggering events are
important factors in a PHA. Experience in the aerospace and nuclear industries
has shown that accidents often do not have a single random event as their
cause, but are the result of a sequence of events which together generate the
potential accident. This general principle also applies to accidents in the
mining industry.

The framework for PHA often includes some evaluation of the importance of
each hazard. This is commonly done by ranking hazards according to their
effects. Hazards are categorized by some ranking scheme that considers the
magnitude of the potential accidents. Many ranking schemes have been used in
the past. Some were developed for a specific system and are not directly
applicable to mining. One that is simple but still provides flexibility and is

15



TABLE 3. - Checklists of potential hazards

N W N -
L] . L] L] .

6.

~
.

8.

WA -

8.
9.

HAZARDOUS ENERGY SOURCES

Fuels
Explosive Charges

Charged electrical capacitors

Storage batteries
Pressure containers
Spring-loaded devices
Suspension systems
Mechanical equipment

9.
10.
11.
12.
13.
14,
15.
16.

HAZARDOUS PROCESSES AND

Mine Gases

Electrical generators
Radioactive energy sources
Falling objects

Heating devices

Pumps, blowers, fans
Rotating machinery
Impacting machinery

EVENTS

Acceleration
Conveying
Corrosion
Electrical
shock
thermal
inadvertent activation
power source failure
electromagnetic radiation
Explosion '
Fire
Heat and temperature
high temperature
low temperature
temperature variations
Drilling
Excavation

10.
11.
12.
13.

14,

15.
16.
17.
18.

Moisture - high humidity
Vibration
Oxidation
Pressure

high pressure

low pressure

rapidly changing pressure
Radiation

thermal

electromagnetic

ionizing

ultraviolet
Mechanical shock
Chemical replacement, etc.
Hoisting (kinetic energy)
Climbing

useful for the mining industry is shown in Table 4.
distinguish between some of the categories shown on this table.
between the categories are not well defined.
hazard is placed in depends upon the interpretation of the analyst.
- ranking is placed in the column labeled "effect."

The next step in the PHA is to determine what accident prevention measures

It is difficult to

are present, whether preventive measures should be taken, and what preventive
measures could be or should be used.
which hazards and potential accidents should be receiving preventive or

corrective action.

courses of action are available (Lambert 1975):

16

The ranking scheme described above shows

If no preventive measures are provided for a Class III or
Class 1V hazard, the analyst must decide on the measures to be taken.

Two
(1) corrective action, which

The boundaries
Thus, which category a particular
The hazard



TABLE 4. - Categories for ranking the severity of hazards (James (ed) 1969)

HAZARD CATEGORY EFFECT ON SYSTEM

Class I Negligible - loss of function that has
no effect on system

Class II Marginal - degrades system to some
extent but does not cause system to be
unavailable

Class III Critical - this hazard will completely

degrade the system

Class IV Catastrophic - this fault will produce
severe consequences

can take the form of design changes, procedural changes, or changes in the
mission goals (such as slowing a process down slightly to reduce traffic-
related hazards), and (2) contingency action which can take the form of
protective systems reacting to various accidents or training of personnel.
Some examples of protective systems in the mining industry are methane
detectors, oxygen detectors, fire detectors, and automatic sprinkler systems.

This essentially completes the procedure for performing a PHA. A summary
of the steps involved in a PHA is shown in Table 5. It should be noted that a
PHA is a dynamic, continuing process. The PHA should be updated, revised, and
expanded throughout the life-cycle of the system being analyzed.

Advantages and Disadvantages

PHA has the advantage that it is a very simple safety assessment method
that qualitatively considers all aspects of a system. Almost anyone with a
detailed knowledge of the system being analyzed can perform a thorough,
comprehensive PHA, The PHA technique is relatively cost-effective in that it
is not a time-consuming approach. A further advantage is that PHA results in
an easy-to-read, highly visible record of the analysis.

The greatest disadvantage of a PHA using a columnar format is that the
analyst may fall into what is called a "form-filling mode." This is where the
analyst is simply filling out a form. There are many subtle items and minute
details that are important to the system operations that will be missed if the
analyst is performing a PHA in this manner. The analyst is cautioned to
thoroughly examine each entry on the PHA table in order to consider these
details. A further disadvantage of PHA is that it is not quantitative. For
example, the analyst will not be able to distinguish between accidents that
cause one death or multiple deaths and frequent or infrequent accident
occurrence rates from information on the PHA table.

17



TABLE 5. - Step-by-step procedure for performing a
preliminary hazards analysis

Step 1: Obtain an adequate working knowledge of the system.

Step 2: Set up the PHA format: Dividing the large system into subsystems,
such as the ventilation system, hoisting system, etc., is helpful.
List the components and equipment in each subsystem.

Step 3: Identify potentially hazardous elements or components in the
system: The analyst will find that checklists are a useful tool.

Step 4: Select a particular subsystem.

Step 5: Identify triggering events or causative factors that could
transform the hazardous elements into potential accidents. Begin
with a particular component of the subsystem, analyze all hazardous
elements associated with that component, and identify the triggering
events. Record on PHA table.

Step 6: Evaluate "criticality" of potential accident sequences identified
in Step 5. In other words, rank the hazards into the categories
shown in Table 4. Record rankings on PHA table under "effect".

Step 7: Determine preventive or corrective measures that are present and
further measures that could or should be taken. Record these
measures on the PHA table.

Step 8: Repeat steps 5, 6, and 7 for each component and hazardous element
in the subsystem. The analyst should complete the examination of a
particular component before continuing to the next.

Step 9: Select a second subsystem and repeat the analysis procedure, Steps
5, 6, 7, 8.

Step 10: Use the results to recommend design and procedural safety changes
that can reduce accidents, injuries, and property damage.

Example of Analysis Procedure

Let us now consider an example to illustrate the procedure and results of
a PHA. The example system used here is a mine hoisting system for haulage of
men (see Figure 1). This example assumes that the hoisting system is being
used during shaft sinking operations. The analyst first proceeds to list the
subsystems and components that are required for the hoisting system to
function. In this case, the component list includes such items as the bucket,
wire rope, headframe, sheaves, hoist, shaft collar doors, and the control
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subsystem. Once all of the components have been identified, the analyst
consults the hazardous element checklist (see Table 3) to identify the
hazardous elements associated with each component. For example, the bucket is
a moving object; thus kinetic energy is one hazardous element. The bucket is
also used to convey heavy objects that may fall out of the bucket. The
hazardous element in this instance is potential energy. It is recommended that
the analyst proceed to examine every column of the PHA one component at a
time. In this manner, the analyst does not have to switch his/her thinking
about a specific hazard to go on to the next component, thereby increasing the
chances of omitting some details. 1In other words, the PHA form should be
filled from left to right rather than from top to bottom.

The next step is to consider the hazardous condition and the events which
could cause the hazardous condition. For the personnel bucket, lowering and
raising the bucket is an event that could cause a hazardous condition only if
personnel are waiting for the bucket (i.e., in the energy path). If property
damage was of concern, items of interest in the path of the bucket could be a
potentially hazardous condition but does not become one unless the bucket is
moving. Continuing across the PHA table (see Table 2), the next two columns
are for the potential accident and the event that could cause the potential
accident. The event causing the potential accident is one which is required to
transform the hazardous condition into an accident. For the above hazardous
condition of people in the path of the bucket, and the bucket moving, the
potential accident is one where the bucket strikes personnel, caused by
personnel near the travel path of the bucket being unaware of an approaching
bucket. This information is recorded in appropriate columns of the PHA table.

The analyst's next step is to examine the final two columns of the PHA
table, effects and preventive/corrective measures of the same potential
accident. Potential effects, in this case serious injury, are recorded in the
former column. The latter column lists existing preventive or corrective
measures that mitigate the potential hazardous conditions and/or potential
accidents. In the example case, warning lights are provided that warn people
of the approaching bucket. This column can also be used for recommending
alternative or additional preventive/corrective measures.

The analyst continues systematically examining every hazardous element of
every component under consideration. The result is a tabular listing of
potential accidents and their effects, such as the example PHA shown in
Table 6. The goal of this type of analysis is to identify the potential
accidents which could cause serious personnel injury or death and with this
information, eliminate or mitigate the hazard through training, safe operating
procedures, safety equipment, design changes, or whatever means are practical.
Mine safety officials, if they had the results of such an analysis, would be
equipped with enough safety information and a general knowledge of the costs
for improving safety in specific areas that they would be able to evaluate the
costs and benefits of a particular safety feature. If the analyst wishes, cost
information could be included in the column for corrective and preventive
measures. One of the advantages of a PHA is that it does not involve complex
mathematics or statistics and therefore can be performed adequately by the
people who know the most about their specific mine, the safety officials,
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without a great deal of special training. Furthermore, PHA is a comprehensive
analysis that can be applied to all parts of a mining system in regard to all
kinds of hazardous conditions.

Computer Adaptability

It is believed that PHA is adaptable to a computer system. With today's
relatively compact computer systems, a computerized PHA would, at the very
least, increase the efficiency of the time safety officials spend at their
desks. Moreover, with increased efficiency at their desks, the safety staff
would be free to devote more time to correcting and preventing hazardous
conditions at the mine. According to mine safety officials, computers are
currently being used at mines for such purposes as long-term mine planning,
maintenance planning, accounting, and warehousing. More extensive use of
computers is being planned for the coming years. Therefore, enough computer
operating and programming capability is in use at mines today to recommend that
the computerized safety analysis be considered.

The authors were not able to identify any computer programs which have
been written for PHA, A conceptual computer flowchart is described here for
illustration purposes. More research is required for the development of this
program.,

As currently envisioned, the conceptual PHA computer program consists of
two parts. The first part is the actual performance of a PHA on a computer and
the second part is the use and updating of the results. The first part is a
user-interactive scheme where the computer displays questions in their proper
sequence corresponding to the labels of the columns of the PHA table. In
addition to inputting the hazard information into the computer memory, the
analyst is to index each component and some descriptive information (such as
work environment, location, size, weight, etc.). The indexing scheme will be
used in the second part of the PHA computer program.

Table 7 shows an example that illustrates how this process would work.
The computer asks the analyst to input the name of the mine subsystem being
analyzed (such as ventilation system, hoisting system, etc.), the component,
component index number, and any important characteristics. Next, the computer
asks the analyst to list the hazardous elements associated with the component
being examined. The check 1ist of hazardous elements (Table 3) could be
displayed on the computer monitor to assist the analyst's selection. Then the
computer asks the analyst to input the event causing the hazardous condition,
the potential accident, and so on, until the analysis is complete. The result
is a PHA that has been input to a computer memory and thus is available for key-
word searches, updates, and modifications. A conceptual flow chart for the
computerized PHA is shown in Figure 2.

The second part of the computerized PHA is the use and updating of the

results. First, important results can be transferred to a special program
module that selects and prints important components, characteristics, and
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TABLE 7. - Conceptual input format for a
computerized, user-interactive PHA

QUESTIONS ASKED BY COMPUTER

ANALYST'S RESPONSE

Subsystem name?
Component name?

Component index number?

Important component characteristics?

Regulations and policies
regarding component?

What are the hazardous elements
associated with this component?

What are the events that could
cause the hazardous element to be
transformed into a hazardous
condition?

(+s., computer continues asking
questions related to the columns

of the PHA table shown in Table 4
and then returns to examine any
other hazardous elements associated
with this component. After
completing the PHA of the first
component, a second component may
be §xamined, and a third, and so
on.

Example: Mine ventilation system

Example: Ventilation fan

Analyst inputs a series of characters
that identify the subsystem and
component.

Analyst inputs pertinent component
information, including operating data
and environment.

Analyst inputs a cross-reference index
of policies and regulations.

Analyst inputs hazardous elements.
Computer can be programmed to display
hazardous element checklist to aid the
analyst.

Analyst inputs a description of the
triggering event,

(ess, analyst continues answering the
questions asked by the computer.)

hazards so the analyst has a checklist that can be carried anywhere.

Second,

the information in the computer memory can be searched for key words and the

component index number,

Thus, the information is available for updates,
revisions, and changes that can be input in a short period of time.

Specific

information regarding any component or potential hazard can be made available.
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A further item that mine safety officials have indicated would be useful to
them is a cross-reference to mining regulations and mine policy statements.
For instance, if the subject of some safety concern is fire extinguishers, the
safety officials would like to be able to go to the computer and in a short
time find out where to look for specific regulations and policies regarding
fire extinguishers. This extra program module has been included in Table 7 and
Figure 2.

Estimated Costs of Implementation

The costs for implementing a PHA safety program at a mine are estimated as
follows. First, the costs for implementing a PHA-type program without
computers is dominated by the costs of labor. It is estimated that a detailed
PHA of a mining system would require about 0.5 man-years of safety staff
labor. Assuming the unburdened safety staff labor rate is $15.00/hr and adding
overhead expenses, taxes, benefits, and a large uncertainty, labor costs total
$23,000 to $30,000 for performance of the PHA. Since PHA is a dynamic analysis
that must be updated and revised periodically, it is estimated that 3 to 4 man-
months /yr must be spent on this activity. Thus, total operating costs
(including uncertainty) are estimated to be about $10,000/yr-$15,000/yr.

The estimated costs for implementing a computerized PHA includes the
capital costs and installation of the computer system and software in addition
to staff labor costs. Costs of computer systems were developed from a survey
of available microcomputer systems and are conservatively estimated to be about
$5,000, including delivery, installation and supplies. Annual supplies and
maintenance costs are assumed to be 10% per year of the initial capital costs.
Also included in the estimated costs for a computerized safety program are
costs for the safety staff to attend short-courses on safety analysis training
and computer training (including registration fees, travel, living expenses,
and wages). These costs are developed in the final report of this study and
the assumptions and bases will not be repeated here. The total fixed and
operating costs are summarized below:

FIXED COSTS

Computer system purchase
and installation « ¢ ¢ ¢ « o ¢ o ¢« o « o ¢« ¢« « o o $5,000

Short course attendance
ANd EXPEeNSeS « ¢ « o o o o o o o o o o o s ¢ o s« $9,000-12,000

Analyst's burdened labor costs
Init‘iate Pr‘Ogr‘am o o e o o e e o e e o o o o oo [ $10,000°15 ,000
Perform Ana]ySiS e e e & o o o s & & e o o o o & o $23,000"30,000

TOTAL @ e e e e e e © ¢ o ©° & & o o 6 & o s e o o o 547 ,000-62,000
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ANNUAL OPERATING COSTS

Computer System Maintenance .« « « « « ¢« « ¢« o« « o« « $ 500/yr
Analyst's burdened 1abor costS « « « « o« o« o « o o o  $10,000-15,000/yr

TOTAL @ e o o o ¢ o o o o+ e & o o o o & o o o o o o $10’500-15’500/yr

Note that these estimates do not contain the costs for developing the computer
software. These costs are difficult to estimate and it is not known at this
time whether they will be paid by the mining industry or by government. There-
fore, software development costs will not be included in this analysis. The
reader should recognize that software development costs are in addition to the
estimated implementation costs presented above. It should also be noted that
these costs include the wages of mine safety officials and are thus not an
additional cost for mine operators. Generally, the time spent working on the
safety assessment would replace the time safety officials currently spend at
their desks. :

26



FAILURE MODES AND EFFECTS ANALYSIS

Failure Modes and Effects Analysis (FMEA) is a safety assessment technique
that was developed as a means of assuring that hardware and equipment are
reliable (Jordan 1972). FMEA is a qualitative technique that is used to
analyze the ways in which particular pieces of equipment can fail (failure
modes) and the resulting effects on the system and personnel. This technique
is often used to analyze a system design to enable the designer to locate and
identify failure modes whose occurrence can cause loss of system function,
personnel injury and death, or property damage. Once these "critical" failure
modes have been identified, the designer is able to mitigate the safety
problem through utilizing redundant components, providing alternate operating
modes, personnel training or other available means. This technique is being
used more and more extensively to evaluate existing and operating industrial
processes and can be beneficial if applied to a mining system.

FMEA can be applied to all types of mines and to all mining situations.
The techique is comprehensive and simple. It can be performed adequately with
relatively little training. The technique requires a detailed knowledge of the
system being analyzed, and thus is most suitable for the mine safety officials
to perform. The technique is useful because it is a systematic method that
identifies and evaluates the effects of hazardous conditions, which allows the
mine safety people to plan for safety and remove or correct hazards as they are
found. FMEA examines the failures of components of the mining system and
evaluates the effects of failures on persons and objects at the mine. The
results can be used as a checklist of hazards that the mine safety official can
use to plan corrective and preventive measures that will eliminate or mitigate
the hazards. For these reasons, FMEA was selected as a suitable safety
analysis method for technology transfer to the mining industry.

Analysis Procedure

The purpose of this subsection is to describe the procedure for performing
an FMEA. The first step in the performance of an FMEA is to obtain a thorough
knowledge of the system. It is often useful in complex systems to break them
down into major subsystems and components. Functional diagrams that identify
the subsystems according to their purpose or function are a most useful way of
defining the system under analysis. It is also extremely useful to prepare
descriptions of the functions of all subsystems and components. Interfaces
with other components and subsystems should also be clearly defined. The
amount of detail required depends upon the uniqueness of the functions
performed or the application of the particular item. An example of a
functional statement is presented later in this section.

The next step is to establish the format that will be used in the
analysis. The most commonly used format is a tabular format with labeled
columns for specific entries. Many FMEA formats have been developed in the
past and some are more useful than others. One format that is recommended for
use in the mining industry is shown in Table 8., This format is relatively
simple and contains the items of most interest to the mining industry. Also
included on this table is a description of the information that should be

27



82

-
—

TABLE 8. - Recommended format for gquiding and recording a failure modes
and effects analysis

. Item 2. Function| 3. Failure|4. Failure|5. Failurel6. Criticality}7. Detection}8. Existing or
Identification Mode Rate Effect Method Recommended
Corrective

Actions

. Name of element or component under analysis. Can use symbols and abbreviations to identify components.
. Concise statement of the function performed.
. Description of the failure mode (see Table 9).

. Estimate the failure occurrence rate. Usually this is a numerical value, although descriptive entries

may be used such as frequent, infrequent, not expected to occur, etc.

. A brief description of the effect of the failure on the system, subsystem, and plant personnel.
. Statement of the criticality category (see Table10).

. A description of the methods by which occurrence of the failure mode is detected. If not readily

detectable, indicate how testing or inspection could lead to detection.

. A description of the existing or recommended corrective actions that can eliminate the failure mode

or minimize its effect.




recorded in each column. This form is used as a checklist to guide the
analysis and enables the analyst to systematically and thoroughly evaluate the
plant or process under consideration.

The next step in the FMEA is the analysis of the failure modes and their
effects. The analyst begins by selecting a specific subsystem and listing the
components of the subsystem in the first column of the FMEA table. Next, the
analyst picks a specific component and writes a clear, concise statement of the
function the component performs in column 2. 1In column 3, the analyst records
the specific failure modes regarding the component. This process can be aided
by consulting the 1ist of component failure modes shown in Table 9. Next, the
analyst estimates the failure occurrence rate for the failure mode of the
component under analysis. This can be done by referring to handbooks of
failure rate data or by using a descriptive appraisal of the failure rate such
as "frequent," "infrequent," "expected once per year," or "not expected to
occur,"

The analyst continues to column 5 of the FMEA table and records a
description of the effect of the failure on the system, subsystem, and
workers associated with the component. This column is particularly useful for
jdentifying interactions and interfaces of the particular component with other
aspects of the system under analysis. A detailed knowledge of the system is
required for this step. It may be useful for the analyst to subdivide column 5
into three columns, one for system effects, one for subsystem effects, and one
for human effects to further organize the thinking process. Next, the analyst
evaluates the "criticality" or importance of the failure. This process is
facilitated by the use of "criticality categories," which simply classify the
severity of the effects of the failures. A hazard classification system

TABLE 9. - Listing of potential component failure modes (Garrick et al 1967)

Failure to open

Failure to close

Failure to start

Failure to continue operation
. Failure to stop

Spurious failure, i.e., premature operat1on of a comoonent

when not called for

Degradation

Erratic operations

Scheduled service

Scheduled replacement

QWO DO W =

[y
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recommended for use by mine safety officials is shown in Table 10. See the
section describing consequence analysis later in this manual for additional
information. The analyst evaluates the failure effects and assigns each
component failure to a criticality category. Then the analyst records the
information in column 6 of the FMEA table. It should be noted that an FMEA
does not normally consider "consequences" except in terms of system
degradation. FMEA can do no more than specify the degree of system (or
fun%tign) degradation. Thus, this column may be emitted to avoid confusing the
analysis.

The analyst's next step is to identify and describe the methods used to
detect the component failures. In some cases, the components are provided with
sensors that alert operators of specific problems. In other cases, no sensing
system is provided and failure is detected by inspection, testing and operator
attention. In either case, the analyst should record this information in
column 7. The final column of the suggested FMEA table is used to record
descriptions of existing or recommended corrective actions that can eliminate
the failure mode or minimize its effect. This information can be determined
using the analyst's knowledge and experience, system designs, and corrective
measures used in related systems. Vendor catalogs, trade shows, industry
publications, such as those published by the American Institute of Mining
Engineers (AIME), and engineering designs are particularly useful sources of
potential preventive and corrective measures.

It is recommended that the analyst perform the FMEA steps in the
following order. The table should be completed from left-to-right and not
from top-to-bottom. In other words, the analyst should perform the evaluation
and complete the FMEA table for one component before continuing to a second
component. There are many subtle items and details that could be forgotten if
the analyst switches from one component to another before completing the
evaluation of the first. If a left-to-right approach is used, the analyst is

TABLE 10, - Categories for ranking the severity or "criticality"
of potential accidents

HAZARD CATEGORY EFFECT ON SYSTEM

Class I Neg]igib]e - loss of function that has
no effect on system

Class II Marginal - degrades system to some
extent but does not cause system to be

unavailable

Class II1 Critical - this hazard will completely
degrade the system

Class IV Catastrophic - this fault will produce
severe consequences
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less likely to omit subtle details, particularly the details of the component
interfaces and interactions with other areas.

The next step in the performance of an FMEA is preparation of a “Critical
Items List." This 1ist facilitates communication of the significant results
of the analysis to management. The Critical Items List is also useful for the
safety officials to carry with them on periodic inspections of the mining
system. The information placed on the 1list consists of components whose
failure will produce hazardous conditions for the persons and property
involved. This 1ist is extremely useful for helping the mine safety official
identify and correct hazardous conditions before they result in an accident,
i.e., helps them to plan for safety. A typical Critical Items List contains
the following information for each critical component failure:

e Item - Identify function/item by name
o Failure mode - Concise statement of failure mode(s) (see Table 8)

o Failure rate - List probability stated in FMEA, such as probable,
possible, frequent, etc., or numeric failure rate data if desired. One
could assign generic number ranges to these terms; e.g., probable = 0.1 to
1 occurrence per year, possible = 0.01 to 0.1 per year, etc.

e List page number of FMEA

o Criticality category - Enter the applicable criticality category stated in
the FMEA

e Prevention/Correction - List existing or recommended means for eliminating
the hazard or explain why the critical condition is not or cannot be
eliminated or mitigated.

The preparation of the Critical Items List is the final step in performing
an FMEA. The results are essentially documented as the analysis is performed.
Final documentation of the FMEA process should include the detailed system
description, including the functional descriptions and flow diagrams, the
completed FMEA tables, and the Critical Items List. A summary of the FMEA
analysis procedure is presented in Table 11. It should be noted that FMEA is a
dynamic process that can and should accommodate updates and revisions to the
system under analysis. Since a mining system is also constantly changing, the
FMEA approach is particularly suitable for incorporating the modified
information.

Advantages and Disadvantages

One of the primary advantages of the FMEA in regard to the mining industry
is the simplicity of the analysis procedure. No complex mathematics or
specialized training is required of the analyst. Thus, this method can be
learned and performed effectively by mine safety officials in a short period of
time. FMEA can be used in all types of mining systems and in reference to all
kinds of safety problems. The FMEA format provides an orderly and structured
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TABLE 11. - Step-by-step procedure for performing a failure
modes and effects analysis

Step 1 Obtain adequate working knowledge of the system:
Helpful to break system down into large blocks. Prepare
functional flow diagrams and functional statements.

Step 2 Establish FMEA format: Recommended format shown in
Table 1.

Step 3 "Select first subsystem to be analyzed and list
components of subsystem in column 1 of FMEA table.

Step 4 Select first component for analysis.

Step 5 Analyze failure modes of initial component and their

ertects: Complete analysis of the initial component by
recording the information required in columns 2 through 8
of the FMEA table.

Step 6 Select and analyze the rest of the components of the
first subsystem: Repeat step 5 for each component.

Step 7 Continue until all subsystems and components have been
analyzed: Repeat steps 4, 5, and 6 for each subsystem.

Step 8 Prepare Critical Items List: For components whose
failure produces detrimental effects on the subsystem
function or personnel; contains information such as the
critical component, failure mode, failure rate,_page
number where item is evaluated on the FMEA, criticality
category, and preventive/corrective measures.

examination of the hazardous conditions inherent in an industrial process.

The advantage here is that with the results of an FMEA, the mine safety
officials may begin to plan for safety by preventing or correcting hazardous
conditions before they cause accidents. FMEA results in a highly visible and
orderly display of information that can accommodate updates and revisions to
the system under analysis. A further advantage of FMEA is that the Critical
Ttems List prepared from the results is a useful format for communicating
hazard information to management and can also be used by mine safety officials
as a checklist to assist in walk-through inspections of the mining system.

The main disadvantage of FMEA is that it considers only one failure at a
time. Multiple and pre-existing failures are not normally considered.
However, the analyst can enter dual component failures in column 1 of the FMEA
table and proceed as with any other entry. There is no limitation on the
number of com%onents that can be considered simultaneously. The analyst is
also cautioned to avoid the “"form-filling mode" in which the analyst takes the
attitude that he or she is simply filling out a form. Many details and subtle
items are Tikely to be omitted if the analyst is performing the FMEA in this
manner,

32



Example of Analysis Procedure

This section presents and discusses an exaﬁple FMEA to illustrate the
analysis procedure and results. The example presented is a partial analysis of
an underground coal mining system. The complete FMEA cannot be shown due to

its length; thus one page will be shown to illustrate the analysis of the mine
ventilation system,

The first step in the analysis of the mine ventilation system is to
describe the system under analysis. One useful method is to break the
ventilation system down into major blocks. A block can be a large component
(such as a ventilation fan including its associated connections), functional
subsystem (an arrangement of components that performs a specific function; for
example an electric substation or ventilation ductwork), location (such as a
specific level or building of the mine), safety system, or other major part of
the mine. A simplified example of a block diagram of the mine ventilation
system is shown in Figure 3.

As can be seen on Figure 3, the example ventilation system operates using
the exhaust principle where fresh air is drawn downward through the intake
tunnel to the underground areas by the suction created by a large exhaust fan
at the surface. There is one primary fan and an identical standby fan in case
the primary fan fails. There is-also a booster fan station at an underground
level that reduces the load and power requirements of the larger primary fan
The booster fan also provides chilled air via hard piping and collapsible
tubing directly to the rock faces where coal is extracted. In a detailed
analysis, the design of drifts and air flow separation techniques, such as
regulators, overcasts, and stoppings, may be of interest. For the purposes of
this illustration, the details of the underground airflow paths and the
potential effects of fugitive air losses will not be examined.

It is also useful to prepare narrative descriptions of the functions of
all subsystems and components. The functional statements should contain clear,
concise descriptions of the operation of each item. Interfaces and
interconnections with other components or subsystems are important items and
should be clearly defined. An example of a functional statement is as follows:

Primary Ventilation Fan:

Provides fresh air to miners while downhole. Also required for
dilution of potentially harmful and explosive gases which are liberated by
mining activities. Specifications: 240,000 cu.ft./min., 2000 hp,
electric-driven, two-blade, propeller-type fan. Alarm at high motor
temperature, low air flow, and electric power failure. Redundant standby
fan provided. Interfaced with electric power supply (off-site and

emergency standby on-site), ventilation exhaust shaft, and fan exhaust
tunnel.

This information is particularly useful for evaluating the effects of component
failures.
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The next step in the analysis is to establish the FMEA format to be used.
The recommended format was shown in Table 8. The analyst is now ready to
analyze the failure modes and their effects. The FMEA this example is based
upon is shown in Table 12 for the reader to follow. The process the analyst
should go through to evaluate the primary ventilation exhaust fan (first item
shown on Table 12) is as follows. First, the component name is recorded in
column 1. In column 2, the analyst records "Supply fresh air downhole" for
the function of the fan. Next, the potential failure modes of the primary fan
are identified using the checklist shown in Table 9. This fan can not be
performing its intended function if it 1) does not continue to operate or 2) is
down for service. These two failure modes are recorded in column 3. Next, the
analyst evaluates the failure rate for the first failure mode of the fan,
These particular fans are required to be well maintained and highly reliable so
failure to continue operation is a relatively infrequent occurrence. The
analyst may record "infrequent" in column 4 instead of recording actual
numerical failure rates.

The analyst is now ready to examine the effects of the failure mode. In
the example case, a brief period of time would elapse after the primary fan
stopped operating before the standby fan is started. If this period of time is
short, no adverse consequences are likely to occur. If the standby fan cannot
be started for a relatively long period of time, the temperature and humidity
downhole can build up to uncomfortable levels, oxygen may become depleted, and
potentially harmful or explosive mine gases can reach dangerous concentra-
tions. However, it is extremely unlikely that this failure would cause
personnel injury or death because of the long time delay that can be used to
evacuate the mine or repair the fans. This information is summarized and
recorded in column 5 of the FMEA table. Based on the above discussion, this
failure was placed in hazard category Il because even though this fan is
crucial to the mining operation, its failure does not directly cause injury or
damage (see Table 9 for definitions of the hazard categories). The analyst
must resist the temptation of considering fan failure in conjunction with the
hoist failure (which would prevent evacuation of the mine). Only one failure
at a time can readily be considered, using this technique. However, situations
such as this should be noted by the analyst and examined more closely to
determine if a single failure event could cause both systems to be inoperable
simultaneously. This type of failure is called a common cause failure.
Furthermore, if the analyst wishes, these combined failures could be entered as
one time on the FMEA so that they could be considered.

The final two items on the FMEA table are for the method(s) of detecting
fan failure and preventive/corrective meausures. Several methods are available
that detect and warn operators of the fan failing to continue operating. Often
fans are equipped with temperature sensors, air-flow indicators, and other
sensing devices that are connected to an alarm or annunciator system. These
fans are also large enough and create so much noise that their failure would be
immediately noticed by operators. Detection methods are recorded in column 7.
Column 8 is for the analyst to record existing measures which are employed to
eliminate or mitigate the hazardous condition. The hazardous condition of a
lack of fresh air downhole can be corrected by simply starting the standby
fan. This hazardous condition is also prevented as much as practical by
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periodic testing and maintenance of both the primary and standby fans. 1In
addition, in the event of loss of off-site electric power, these fans receive
high priority for the electricity generated by the emergency diesel electric
power supply system,

This completes the analysis of the failure of the primary fan to continue
operation. The analyst continues examining the next failure mode of the
ventilation fan, i.e., scheduled service. The process for completing the FMEA
is repeated for this mode of fan failure. When all of the failure modes of the
primary fan have been examined, the analyst continues to the next component,
and so on, until all items associated with the underground ventilation system
have been examined. Then the analyst can continue the analysis by examining
other subsystems, one at a time, until the entire mine system has been analyzed.

This example has served to illustrate the procedure for performing an FMEA
and recording the results. The next step is to develop a Critical Items List
from the FMEA results. This list consists of components whose failure will
produce hazardous conditions, or in other words, potentially dangerous
situations for the persons or property involved. The format for displaying
this information was shown previously and includes the item name, function,
failure mode, failure rate, page number where found on the FMEA tables,
criticality category, and preventive/corrective measures. The Critical Items
List serves two purposes. First, it is a tool to be used for communicating
significant results of the analysis to management. Second, it can be used as a
checklist for mine safety officials to carry with them on inspections. Used in
this manner, the checklist is a tool that helps mine safety officials and
management to plan and execute a hazard prevention program. Some example
entries on a Critical Items List are shown in Table 13. It is also beneficial
to show if failures of additional items in conjunction with the critical item
could potentially have severe consequences, such as failure of both the primary
and standby fans in conjunction with failure of the hoisting system. Again,
multiple failures can be handled directly as a single item in the FMEA,

Computer Adaptability

Results of the evaluation of the adaptability of FMEA to a user-
interactive computer program indicate that it is possible and desirable to do
so. No complex mathematics or logic is required to perform an FMEA so it is
believed that it would be relatively simple to develop this computer program.
Furthermore, it is believed that development of a user-interactive program as
a guide to the performance of the FMEA would simplify the analysis procedure.
There are no FMEA computer programs at this time to draw conclusions about
their utility and effectiveness. However, it is believed that implementation
of an FMEA computer program will increase the efficiency of the time safety
officials spend at their desks, thus allowing more time to be spent preventing
or correcting hazardous conditions at the mine. 1In addition, the FMEA and
related Critical Items List provide new insights to the mine safety officials
and management on the causes of potential accidents, and thus can lead to
elimination or reductions of the accidents by eliminating their causes.
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TABLE 13. - Example entries on the critical items list

Item/function:

Failure Mode:

Failure Rate:

FMEA Page No.:

Criticalit
Categor!:

Prevention/

Correction:

Item/function:

Failure Mode:

Failure Rate:

FMEA Page No.:

Criticality
ategory:

Prevention/

Correction:

Primary ventilation fan/provides fresh air to miners
and dilution of mine gases

Failure to continue operation

Infrequent

A-1

Class II; potential contributor to catastrophic
accident if evacuation of mine is hindered or not

possible (not likely)

Redundant standby fan, reliable and well maintained
primary and standby fans, failure mode readily detected

Vent fan electrical connections/transmits off-site
power to primary and standby fans

Failure to continue operation

Infrequent

A-2

Class I1I; potential contributor to catastrophic
accident if hoisting system is unavailable, although
this failure has minor effects in itself

Reliable equipment and off-site power supply,
standby diesel generator on-site, delay time before

oxygen is depleted and gases reach dangerous
concentrations.

A conceptual computer program utilizing the FMEA methodology was developed
for this study. A relatively small computer system is required for this
conceptual program. As currently envisioned, the conceptual FMEA program
consists of three stages as shown in Figure 4. Stage 1 is a user-interactive
scheme that guides the analysis procedure by asking appropriate questions for
the analyst to respond to. The computer displays questions in the same
sequence the analyst would ask himself if he were performing the analysis
without the computer. In addition, the analyst will index the components and
subsystems to aid Stages 11 and III of the program. ,

An example that illustrates how the Stage I analysis will work is the same

as that previously shown for a computerized preliminary hazards analysis in
Table 7. The computer displays a question asking the analyst to identify a
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subsystem and assign an index number, such as "ventilation subsystem" and
assign the letter "A" to represent this subsystem. Next, the computer will ask
the analyst to identify a component of the subsystem and assign a second index
to this component. For example, the analyst will input “Primary ventilation
fan" and assign index Ala. The indices represent the subsystem and the
component identification number, respectively. The small "a" in the index
indicates there is more than one ventilation fan in the subsystem that is
capable of performing the same function. If there are similar components that
perform different functions, they would be assigned a separate numerical

index. For example, the downhole booster fan in the example system is assigned
the index number A2, rather than Al ¢. The conceptual program is also

capable of displaying parts of the FMEA table where the answers to the
questions are being.recorded. This feature enables the analyst to keep track
of where his or her responses are being recorded and also to visualize the
analysis as it progresses across the FMEA table.

The next questions in the conceptual FMEA computer program examine the
component failure mode(s) and the failure effects. The computer will follow the
analysis sequence from left-to-right on the FMEA table until an examination of
a particular failure mode has been completed. Then the program returns and
asks the same questions for the analyst to answer regarding the second, third,
or additional failure modes. When a particular component and all of its
failure modes and effects have been examined, the analyst selects a second
component for analysis. This selection process can be aided by lists of
components input to the computer memory before the analysis begins. The
analyst would simply ask the computer to display the component 1ist and then
make a selection. A similar procedure may be used to assist in the selection
of component failure modes and hazard categories (see Tables 9 and 10).

Stage Il of the conceptual computer program is the use of the results.
The computer can be used to search for critical items that, if they fail, can
have adverse effects on personnel or property. This procedure is essentially
the same as preparation of the Critical Items List. This can be done in two
ways. First, the computer can perform a key word search of the criticality
category and identify those items which are Class III or Class IV hazards. The
analyst risks omitting some of the Class Il items which are also critical items
at the mine but do not have adverse consequences due to a requirement for one
or more additional failures, delay time or some other mitigating condition. In
the example presented, the primary ventilation exhaust fan would have been
omitted because it's failure is a Class Il item for the reason that there is a
long delay time before failure of the fan produces personnel injury and
property damage. However, the ventilation fans are critical to the mining
process because without them, production must be interrupted until repair is
effected. The second way to prepare the Critical Items List is for the analyst
to indicate which items should be included on the 1ist as the analysis
progresses. In fact, the user-interactive computer program can be instructed
to ask the analyst if a particular component is to be included on the list
after each failure mode is evaluated. If the component and failure mode are
judged to be critical, the computer automatically commits this to memory. Once
the analysis has beem completed, the analyst would input a command to display
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or print the Critical Items List and the computer would scan its memory and
output this 1list. The computer can also be programmed to display or print all
component details on the Critical Items List format, shown previously.

FMEA, like many safety analysis techniques, is a dynamic process.
Therefore, the conceptual computer program should include a means to revise,
update, and modify the FMEA of the mining system. Stage III of the conceptual
computer program combines key-word search capabilities and deletion/correction
capabilities of current micro-computer systems to accomplish this. The analyst
will simply input a key-word or component identification number and input the
“search" command. Then the computer will scan its memory for the appropriate
combinations of letters and symbols and display exactly where they were found.
Then the analyst can have these entries displayed on a monitor and using the
deletion/correction capabilities of modern word processing software, make the
revisions or modifications in appropriate locations.

Estimated Costs of Implementation

This section contains estimates of the costs for implementing an FMEA-type
safety program at a typical mining system. Estimated costs were developed for
two cases: 1) for an FMEA-type paper study and, 2) for a computerized FMEA
program. The bases for these cost estimates are contained in the final report
for this study and will not be repeated here.

The estimated costs for implementing a paper-study FMEA safety program are
dominated by the costs of labor. It is estimated that approximately 1.0 man-
year is required to perform a thorough FMEA of a mining system. Assuming the
mine safety officials are paid about $15.00/hr, and adding a 50% burden for
overheads, occasional overtime, and supplies, the estimated direct labor costs,
including uncertainty, are between $45,000 and $65,000. It is estimated that 3
to 4 man-months/yr are required to periodically review, update, and revise the
information on the FMEA tables. Thus, total operating costs are estimated to
be about $10,000-$15,000/yr.

The estimated costs for implementing a computerized safety program based
on the FMEA technique include the capital and installation costs of the
computer system in addition to the staff labor costs. Costs of potential
computer systems are estimated at $5,000, but this can most likely be reduced
to about $3,000 due to the relatively small computer capabilities required for
this type of analysis. The $5,000 estimated cost includes purchase of the
complete computer system (including the processor, monitor, disk drive,
keyboard, and printer), delivery, installation, and supplies. Annual
maintenance costs are assumed to be 10% of the initial capital costs per year.
Also included in the estimated costs for a computerized FMEA safety program are
the costs for the safety staff to attend short-courses on computer training and
safety analysis training (including registration fees, wages, living expenses,
and travel costs). These costs are developed in the companion document to
this user's manual and will not be repeated here. The estimated total fixed
and operating costs are summarized below:
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FIXED COSTS

Computer system purchase and installation

Short course attendance and expenses

Analyst's burdened labor charges
Initiate program . . . . . .

Perform analysis « « « « « &
TOTAL L] L] L] L] L] - L] L] L] L] L] L) . L]

OPERATING COSTS

Computer system maintenance . . .
Analyst's burdened labor charges.
TOTAL L] L ] L ] . L] . L] L] L] L] L] Ll L] L]

Note that these estimates do not contain

the

computer program. These costs are difficult
whether the computer software will be developed by the government or the mining
industry. Thus, the reader should be aware that software development costs are
in addition to the estimated implementation costs presented above. Also, these
costs do not represent the additional costs for implementing a formal safety
program. Mine safety officials would be performing the safety assessment
rather than their current duties in some instances and thus the actual
additional costs that would be paid by mine operators are less than the

costs presented here.
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for

$ 5,000
$ 9,000-12,000

$10,000-15,000
$45,000-65,000
$69,000-78,000

$ 500/yr
$10,000-15,000/yr
$10,500-15,500/yr

development of the
to estimate and it is not known



BINARY MATRICES.

Many systems safety analysis techniques do not adequately address inter-
actions among the components or subsystems of an overall system. A binary
matrix (Cybulskis, et al 1981) represents a logical, qualitative approach to
help identify systems interactions. This analysis tool can be applied during
the system description stage of safety analysis or as a final checkpoint in an

FMEA or PHA to ensure that all important systems dependencies have been
addressed in the analysis.

The specific tool utilized in this technique is the binary matrix. The
binary matrix contains information on the relationships between the elements of
a system or systems. The purpose of the matrix is to identify the one-on-one
dependencies that exist between these elements of a system. These elements can
be any entities of interest to the analyst: entire systems, system